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a b s t r a c t
Molecular flow of air around a right circular cylinder is simulated using a molecular
mechanics formulation. Flows around right circular sections of different radii are studied
as are flows into vacuum and nonvacuum areas. Molecular dispersion is described as the
generation of wake vortices.
© 2009 Published by Elsevier Ltd
1. Molecular formulas
It is rather interesting that even though air is heterogeneous and consists of a variety of atoms and molecules,
experimental Lennard-Jones potentials are readily available only for homogeneous air (Hirschfelder, Curtiss and Bird [1]).
One such potential is
φ(rij) = (5.36)10−14
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in which rij is measured in ångströms (Å). The force EFij exerted on Pi by Pj is then
EFij = (5.36)10−6
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dyn (1.2)
and the equilibrium distance is rij = 4.06 Å. On the molecular level, the effective force on Pi is local, so that only molecules
within a distance D = 2.5σ = 2.5(3.617) = 9.04Å are considered.
Before proceeding to dynamical considerations, it is necessary to characterize carefully the hypothetical air molecule to
be used. We assume that the air to be used is nondilute and dry. Dry air consists primarily of 78% N2, 21% O2, and 1% Ar
(Masterton and Slowinski [2]), whose respective masses are
m(N2) = 28(1.660)10−24 g
m(O2) = 32(1.660)10−24 g
m(Ar) = 40(1.660)10−24 g.
We now characterize an ‘‘air’’ molecule A as consisting of proportionate amounts of N2,O2, and Ar and having mass
m(A) = [0.78(28)+ 0.21(32)+ 0.01(40)](1.660)10−24 = (4.807)10−23 g. (1.3)
From (1.2) and (1.3) it follows that the acceleration, in Å/(ps)2, of an air molecule Pi due to interaction with an air molecule
Pj satisfies the equation
Eai = (149 795.)
[
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; rij < D. (1.4)
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Fig. 1. The initial configuration.
Fig. 2. t = 0.05.
Fig. 3. t = 0.07.
Fig. 4. t = 0.1.
Fig. 5. t = 0.13.
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Fig. 6. t = 0.15.
Fig. 7. t = 0.17.
Fig. 8. t = 0.21.
Fig. 9. t = 0.15, J = 20 000.
The equations of motion for a system of air molecules are then
d2Eri
dT 2
= (149 795.)
∑
j
j6=i
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; i = 1, 2, 3, . . . ,N; rij < D. (1.5)
Unless otherwise specified, the following general problemwill be studied. Attentionwill be limited to a circular cross section
of the cylinder. First, generate 7939 points and velocities as follows, in which init v = V is a prescribed initial velocity
constant in the x direction:
(a) x(1) = 0.0, y(1) = 0.0, vx(1) = −.5, vy(1) = 1.0
(b) x(i+ 1) = x(i)+ 4.06, y(i+ 1) = 0.0, vx(i+ 1) = −.5, vy(i+ 1) = 1.0, i = 1, 130
(c) x(132) = 2.03, y(132) = 3.516, vx(132) = 1.1, vy(132) = −1.2
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Fig. 10. t = 0.21, J = 200 000.
Fig. 11. t = 0.21, J = 400 000.
Fig. 12. t = 0.07, R = 10.
Fig. 13. t = 0.1, R = 10.
(d) x(i+ 1) = x(i)+ 4.06, y(i+ 1) = 3.516, vx(i+ 1) = 1.1, vy(i+ 1) = −1.2, i = 132, 260
(e) x(i) = x(i− 261), y(i) = y(i− 261)+ 7.032, vx(i) = vx(i− 261)vy(i) = vy(i− 261), i = 262, 10049
(f) Translate using: x(i) = x(i)− 264, i = 1, 10049
(g) If x(i) < 156, set vx(i) = vx(i)+ init v
(h) Delete all (x(i), y(i)) interior to the circle
(x(i)− 138)2 + (y(i)− 138.5)2 = 182,
(i) Delete all points for which x(i) > 156 and y(i) > 268.
Implementation of steps (a)–(i) yields 7939 points. At each point (x(i), y(i)) set an airmolecule Pi. The resulting configuration
is shown in Fig. 1.
The lines with equations y = 268 and y = 0 are called the fixed walls.
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Fig. 14. Expanded initial configuration.
Fig. 15. t = 0.09.
Fig. 16. t = 0.15.
Fig. 17. t = 1.5.
2. Computational considerations
For time step 1t (ps), and tk = k1t , two problems must be considered relative to the computations. The first problem
is to prescribe a protocol when, computationally, a molecule has crossed a fixed wall. For each of the walls, we will proceed
with the no slip condition, so that the molecule is reflected back symmetrically, its y component of velocity is multiplied by
−1, and its x component of velocity is set to zero. If the molecule has crossed into the interior of the circle
(x(i)− 138)2 + (y(i)− 138.5)2 = 182,
then the molecule is reset to its position before it entered the circle and its velocity components are reset to zero.
Often, in order to better interpret gross fluid motion, we introduce average velocities in addition to instantaneous
velocities. For J a positive integer, let particle Pi be at (x(i, k), y(i, k)) at tk and at (x(i, k − J), y(i, k − J)) at tk−J . Then the
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Fig. 18. t = 1.5, J = 50 000.
Fig. 19. Appearance of small vortices.
Fig. 20. t = 0.34.
average velocity Evi,k,J of Pi at tk is defined by
Evi,k,J =
(
x(i, k)− x(i, k− J)
J1t
,
y(i, k)− y(i, k− J)
J1t
)
. (2.1)
3. Examples
Unless otherwise stated the time step is1t = 10−7.
Example 1. Let V = 2000. Figs. 2–8 show the instantaneous velocity fields at the respective times t =
0.05, 0.07, 0.10, 0.13, 0.15, 0.17, 0.21. Fig. 9 shows the average velocity field at t = 0.15 with J = 20 000. Fig. 10
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Fig. 21. t = 0.50.
Fig. 22. t = 0.50, J = 50 000.
Fig. 23. Small vortices in Fig. 22.
shows the average velocity field at t = 0.21 with J = 200 000. Fig. 11 shows the average velocity field at t = 0.21
with J = 400 000. Figs. 9–11 differ from their corresponding instantaneous velocity field figures primarily at the lower wall,
where the velocities have decreased significantly. However, the remaining velocities show no significant change.
Example 2. For V = 2000, Fig. 12 shows the instantaneous velocity for at t = 0.07when the radius of the circle is decreased
to 10. The number of molecules increases to 7942. Fig. 13 shows the result at =0.10 and should be compared with Fig. 4.
The decrease in radius decreases the molecular dispersion.
Example 3. Calculations with radius 14 and 7921 molecules yield analogous dispersion results.
In Examples 1–3, above, themoleculesmoved into a vacuum.Wenowreplace Fig. 1with Fig. 14whichhas 9980molecules
and modify Example 1 by setting V = 200, while the newly added molecules are assigned zero velocities.
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Example 4. Let 1t = 10−6. Figs. 15–17 show the instantaneous velocity fields at t = 0.90, 1.15, 1.5. Fig. 18 shows the
average velocity field at t = 1.5 with J = 50 000. Outside the wake behind the circle the velocity differences are miniscule.
However, within the wake the differences are distinctly different from the results in Examples 1–3. Small vortices, as shown
in Fig. 19, which consist of at least fourmolecules rotating in the same direction, appear and disappear quickly in the average
velocity field at t = 0.90. Similar results follow also for J = 100 000.
Example 5. For 1t = 4(10−8) and V = 800. Figs. 20 and 21 show the instantaneous velocity fields at t = 0.34, 0.50,
respectively. Fig. 22 shows the average velocity field at t = 0.50 with J = 50 000. The fields near both walls show
considerable differences. Fig. 23 shows two small vortices in the wake for the averaged velocity field at t = 0.12.
Example 6. We ran finally V = 2000 with 1t = 10−8. The velocity fields were similar, but larger, than those already
discussed. However, we were not able to find any vortices in the wake, which may indicate a turbulent wake.
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